Post-traumatic stress disorder (PTSD) is unique among psychiatric disorders since there is an explicit requirement for the presence of a well-defined precipitating environmental event. This suggests the participation of adaptable molecular processes such as epigenetic modifications, including acetylation and methylation of histones and DNA methylation. In the present study we investigated whether changes in DNA methylation are associated with the effects of traumatic stressor, using a validated PTSD rat model. Screening of genomic DNA methylation patterns revealed that maladaptation to traumatic stress is associated with numerous changes in the methylation pattern of rat hippocampus. Of the differentially methylated genes revealed by this global screening, Disks Large-Associated Protein (Dlgap2) was of special interest, demonstrating an increase in a specific methylation site which was associated with a reduction in its gene expression in PTSD-like compared to non-PTSD-like rats. The association between the methylation rate and Dlgap2 expression was further substantiated by re-dividing the rats according to their methylation state. A significantly higher expression was observed in the non-methylated compared to methylated rats. In addition, taking all rats as one group revealed a significant correlation between their behavioural stress responses and Dlgap2 transcript levels. These results suggest that alterations in global methylation pattern are involved in behavioural adaptation to environmental stress and pinpoint Dlgap2 as a possible target in PTSD.
Introduction
Post-traumatic stress disorder (PTSD) is an incapacitating chronic syndrome including impairments in cognitive, emotional and physiological processing ensuing from exposure to a potentially traumatic experience (PTE) (APA, 1994) . Retrospective and prospective epidemiological studies indicate that most individuals affected by a PTE will adapt within a period of 1-4 wk following exposure ; however, a significant proportion of those exposed to trauma will develop long-term psychopathology (Bryant, 2006 ; Foa et al. 2006) . Depending on the type of trauma, about 20-30 % of the population exposed to severe stressors will develop PTSD (Helzer et al. 1987 ; Peri et al. 2000 ; Resnick et al. 1993 ; Zlotnick et al. 1999) . The development of PTSD pathology in part, but not all, of exposed individuals indicates differences in their vulnerability and/or resilience, which may originate from modifications of biological components, rather than being 'purely ' psychosocial in origin.
The biological processes underlying the development of PTSD remain elusive and appear to be multifactorial. The involvement of genetic mechanisms in its pathology is suggested by the finding that first-degree relatives of probands with PTSD are at increased risk of developing this disorder (Connor & Davidson, 1997 ; Sack et al. 1995 ; True et al. 1993 ; Yehuda et al. 1998 ). However, the explicit requirement for a traumatic stressful event for the development of PTSD and the different susceptibilities in the population exposed to PTE, implies the participation of dynamic biological processes in addition to any permanent genetic predisposition. Epigenetic modifications of histone proteins and genomic DNA are such adaptable molecular processes that can alter gene expression. Epigenetic changes have been shown to be altered in chronic and acute stress models and can be evident 2 h after exposure of animals depending on the stress paradigm (Fuchikami et al. 2009 ; Tsankova et al. 2006 ; Weaver et al. 2004 ; Wilkinson et al. 2009 ).
One of the most common forms of post-replication modification of genomic DNA in higher eukaryotes is methylation of cytosine in CpG dinucleotides. While most CpGs are methylated, high-density CpG regions, named CpG islands, are largely unmethylated. Hypermethylation of the CpG islands, characteristic of promoter areas, is generally believed to be associated with transcriptional silencing of gene expression. Methylation contributes to the latter process by interfering with the action of transcription factors as well as by allowing the recruitment of repressors that promote the formation of inactive chromatin structures (Bird & Wolffe, 1999) . However, it was reported that many CpG islands in promoters remain unmethylated even when their associated gene is silent (Bird, 2002) . The opposite was also observed, as methylation of DNA, particularly in CpG-poor promoters, was associated with active genes (Weber et al. 2007) . Massive de-novo methylation events occur in germ cells or during the early developmental stages of the embryo (Jaenisch et al. 1982 ; Lander & Schork, 1994) . However, de-novo DNA methylation can also occur in adult somatic cells in a tissue-specific pattern, varying in time and space, suggesting its involvement in the adjustments to environmental stimuli (Bird, 2002 ; Issa, 2000) . One example is maternal care that has been shown to be an environmental factor that alters DNA methylation and gene expression of the glucocorticoid receptor gene (Weaver et al. 2004) .
The main goal of the present study was to detect variations in the global methylation patterns of genomic DNA and to use them as a screening tool to identify specific genes that are deferentially methylated in association with behavioural maladaptation to traumatic stress. To this end, we employed a validated PTSD rat model (Cohen & Zohar, 2004) in which rats are exposed to a predator scent (cat), serving as the traumatic stressor, and thereafter classified as 'PTSDlike ' and ' non-PTSD-like' rats according to their scores in stress-related behavioural tests. The differential methylation pattern was examined in the hippocampus, which is a key structure involved in explicit memory, memory consolidation and learning (Howland & Wang, 2008) ; cognitive functions that are impaired in PTSD (Friedman, 1997 ; Vermetten & Bremner, 2002) . Our data suggest that stress-dependent pathology is accompanied by numerous alterations in global methylation pattern and pinpoint the post-synaptic density (PSD) protein Dlgap2 as a possible target in PTSD.
Methods

Animals
Male Sprague-Dawley rats aged 3 months and weighing 150-200 g were used. All testing was performed during the dark phase using a dim light. The animals were habituated to the housing conditions for 10 d and handled once daily. All treatment and testing procedures were approved by the Animal Care Committee at Ben-Gurion University of the Negev, and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Predator scent stress
PTSD is modelled by placing the test animals on wellsoiled cat litter for 10 min while the controls are exposed to fresh, unused litter. Behavioural tests were done 7 d after exposure to stress, a time considered to reflect relatively long-term and persistent changes (Cohen & Zohar, 2004) .
Behavioural paradigm
Behavioural tests were recorded and analysed using an EthoVision automated tracking system (Noldus Information Technology, The Netherlands). Behavioural responses were assessed with the elevated plusmaze (EPM) and the acoustic startle response (ASR) paradigms as previously described (Cohen et al. 2008) . Each rat was measured once in each of the behavioural tests. The behaviours of animals within each study group on both the EPM and ASR serve as a tool for their classification into 'extreme behavioural response ' (EBR) and 'minimal behavioural response' (MBR) groups.
The cut-off behavioural criteria (CBC) model Data analysis was performed using the CBC method. Data is first analysed according to study groups (e.g. stress-exposed vs. controls) to verify stressor effectiveness. Subsequently, animals are classified according to behavioural response patterns using CBCs and the data are re-analysed accordingly. The specific CBCs were as follows. EBR : (1) 5 min (entire session) spent in closed arms and no entries into the open-arms and (2) startle response mean amplitude (at 110 dB) >1200 units and no habituation over test time. MBR :
(1) 0-1 min spent in closed arms and o8 open-arm entries, and (2) mean amplitude of the startle response (at 110 dB) <1000 units and normal habituation of the ASR.
This behavioural classification enables the assessment of physiological and biomolecular parameters in relation to the severity of behavioural disruption and an assessment of prevalence rates of each pattern within each study group.
Brains
Animals were decapitated with a guillotine in a separate room from the one used for behavioural tests, 24 h after the last behavioural test (between 14:00 and 14:30 hours). Brains were immediately removed and the hippocampal areas were dissected on ice and frozen at x70 xC.
Measurement of plasma corticosterone
Due to the endogenous corticosterone cycle, experiments were performed between 12:00 and 14:00 hours (on the down-curve following the midday corticosterone peak). Plasma corticosterone was measured using the DSL-10-81000 ELISA kit (DSL, USA) as described previously (Cohen et al. 2003) .
Extraction of genomic DNA
To extract and purify genomic DNA of high-molecular weight, tissues were homogenized in 1 ml Tri-Reagent (Sigma-Aldrich Inc., USA) and genomic DNA was extracted according the manufacturer's protocol. The DNA pellet was dissolved in 8 mM NaOH and incubated at 37 xC overnight. Next day the DNA was reprecipitated in 1/10 volume of 3 M sodium acetate (pH 5.5) and 2.5 volumes of 95 % ethanol and then dissolved in Tris-EDTA buffer (pH 8.0).
Amplification of inter-methylated sites (AIMS)
Changes in global DNA methylation were evaluated by the AIMS method (Frigola et al. 2002) . This technique is based on the differential cleavage of genomic DNA using isoschizomers with distinct methylation sensitivity. After successive digestion by the methylationsensitive SmaI and the methylation-insensitive Cfr9I restriction enzymes, only sequences flanked by two methylated CCCGGG sites could be ligated to an adaptor and amplified thereafter. The SmaI-Cfr9I digestions of each rat's DNA were performed in triplicate to overcome variation in the efficiency of the enzymatic reactions. Thus, 3 mg genomic DNA was digested with 50 U SmaI (Takara Bio Inc., Japan) for 16 h at 30 xC, which cleaves leaving blunt ends (CCC/ GGG). The digested DNA was purified by phenol : chloroform : isoamyl alcohol (25 : 24 : 1), precipitated in 1/10 volume of 3 M sodium acetate (pH 5.5), 0.3 mg/ ml glycogen and 2.5 volumes of 95 % ethanol and redissolved in nuclease-free water. One microgram of the purified SmaI-digested DNA was then digested with 25 U Cfr9I (Fermentas Inc., Canada), which leaves sticky ends (C/CCGGG), for 6 h at 37 xC and purified as before. Double-stranded adaptors with matching sticky ends were prepared by incubation of the oligonucleotides 5k-CCGGTCAGAGCTTTGCGAAT-3k and 5k-ATTCGCAAAGTCTGA-3k at 65 xC for 2 min, followed by cooling to room temperature for 30-60 min, leaving a hanging sequence of 5k-CCGG. One microgram of the digested DNA was ligated to 2 nmol of the double-stranded adaptor using T4 DNA ligase.
PCR amplification of sequences flanked by adaptors was performed using 1 mCi [a-
33 P]dATP (Amersham Biosciences Inc., USA) and three sets of primers (Table 1 ). The sequences of the primers correspond to the adaptor sequence extended with the CCGGG plus 2-4 arbitrarily chosen nucleotides added to obtain moderate pattern complexity. The PCR products, a mix of fragments of various sizes and sequences, were diluted 1/4 in formamide dye buffer, denatured for 3 min at 95 xC and run on a 6 % polyacrylamide 8 M urea sequencing gel at 55 W for 5 h. The gels were dried and exposed to an X-ray film for days 5-6 at x80 xC. Differences in the intensity of bands between the EBR and MBR groups were determined by direct visual inspection of the film. Bands appearing on one group but not in the other were extracted from the gel for determination of their sequence.
Isolation and sequencing of DNA fragments
Bands appearing differentially methylated between the MBR and EBR groups were excised from dried polyacrylamide gels, and DNA was eluted in water, precipitated in a sodium acetate-ethanol-glycogen mixture as described above and re-dissolved in water. PCR with the same primers and conditions as used above was performed. PCR products were cloned into plasmid vectors using the TOPO-TA cloning kit (Invitrogen Inc., USA). The plasmids carrying the desired fragments were extracted and purified from 8-10 clones per construct. These fragments were sequenced (ABI Prism 3130xl genetic analyser ; Applied Biosystems Inc., USA) to ascertain the unique identity of the isolated band. Sequence homologies were analysed using the BLAST engine.
Gene expression study
RNA extraction and qRT-PCR
Tissue was kept in RNAlater (Applied Biosystems Inc., USA) until extraction. RNA was extracted using Tri Reagent (Sigma-Aldrich Inc.) (1 ml per 10-30 mg tissue) according to the manufacturer's protocol, dissolved in RNase-free water and treated for DNase. DNAase-treated RNA was purified by an equal volume of phenol : chloroform : isoamyl alcohol (25 : 24 : 1). The aqueous layer was separated, and an equal volume of chloroform was added. RNA was then precipitated from the aqueous phase by 1/10 volume of sodium acetate (pH 4.5) and 2.5 volumes of 95 % ethanol. The supernatant was washed again with 80 % ethanol, dried, dissolved in RNase-free water and stored at x80 xC until required. RNA integrity was assessed by electrophoresis in a 1 % agarose/formaldehyde gel. The amount and quality of the RNA was determined spectrophotometrically at 260 nm, 230 nm and 280 nm. Reverse transcription was performed using cDNA synthesis kit (Verso TM ; ABgene, USA) with random primers. The resulting single-stranded cDNA was amplified by real-time PCR (ABI Prism 7000 sequence detection system ; Applied Biosystems Inc.), using gene-specific designed primers (Table 2) and SYBR Green dye (Absolute Blue SYBR Green ROX mix, Thermoscientific, USA). Five potentially reference genes [b-2-microglobulin (B2M), peptidylprolyl isomerase B (Cyp B), 18S and b-actin] were analysed. b-actin expression was stable across the samples and hence was used for normalization.
Bisulfite modification of genomic DNA and sequencing
Genomic DNA (3 mg) was digested with 40 U XbaI (New England Biolabs Inc., USA) to reduce DNA fragments size. XbaI-digested genomic DNA was treated with bisulfite, using the EpiTect Bisulfite kit (Qiagen Inc., Germany). The sodium bisulfite-treated DNA was subjected to PCR amplification using Dlgap2 primers designed, using the online tool Methyl Primer Express software v. 1.0 (Applied Biosystems Inc.) (forward : 5-TTTGGATTTAGGTAAGGAATGA-3k ; reverse : 5k-TCCAACCCATTAATCAATAATC-3k). The purified PCR product was separated on 1.5 % agarose gel. The band corresponding to the amplified DNA fragment (281 bp) was cut from the gel, DNA was extracted (MiniElute Gel Extraction kit ; Qiagen Inc., Germany) and then eluted in 10 mM Tris-HCl buffer (pH 8.5). The PCR product was ligated to pGEM-T Vector System (Promega Inc., USA) and transformed into DH5a competent bacteria. Transformed bacteria were grown on Luria broth (LB)/isopropyl-b-D-thiogalactopyranoside (IPTG)/5-bromo-4-chloro-3-indolylb-D-galactopyranoside (X-Gal)/ampicillin agar plates. Recombinant colonies were selected for sequencing based on the blue/white screening criteria. Plasmids carrying the PCR product were extracted from 4-6 white colonies per rat by QIAprep Spin miniprep kit (Qiagen Inc.) and sequenced. 
Statistical analyses
Results were analysed for normal distribution using the Kolmogorov-Smirnov test. Those data which showed normal distribution were analysed by twoway ANOVA followed by Scheffé's post-hoc test. The significance of the difference between two groups was analysed by Student's t test. Differences in means between groups were considered significant at p<0.05. Correlations were analysed using Pearson's correlation test. Non-parametric x 2 test was used to analyse the significance of the difference in methylation rate between groups. SPSS version 15 (SPSS Inc., USA) was used.
Results
Behavioural analysis
Behavioural rating of the EBR, MBR and unexposed rats showed significant differences between the three groups in terms of ASR [F(2, 60)=166, p<0.0001] (Fig. 1a) , startle habituation [F(2, 60)=76, p<0.0001] (Fig. 1b) , and Anxiety Index [F(2, 60)=151, p< 0.0001] (Fig. 1c) . Post-hoc Scheffé test revealed significantly higher ASR and Anxiety Index and lower startle habituation in the EBR group compared to both the MBR and control groups (p<0.0001, for all three parameters for both groups). MBR animals did not differ from control, unexposed, rats in their behavioural responses, except for a slight, yet significant (p<0.05), reduction in startle habituation. Plasma corticosterone levels were significantly different between the EBR, MBR and control groups [F(2, 60)= 34.9, p<0.0001] (Fig. 1d) . Post-hoc Scheffé test showed that corticosterone levels in EBR rats were significantly higher than in the MBR (p<0.001) or control (p<0.001) groups. There were no significant differences in plasma corticosterone between MBR and control groups.
Global genomic methylation pattern
The screening procedure employed for detecting variations in the methylation pattern yielded a complex pattern of bands representing genomic DNA fragments carrying methylated cytosines at both ends (Fig. 2a) . While the majority of these bands were common in most of the rats, irrespective of their experimental group, there were also some individual variations. Moreover, the methylation fingerprint varied depending on the tissue (frontal cortex vs. hippocampus) and on the set of primers used for amplification (data not shown). The studies described hereafter were performed with the hippocampus.
Five bands, showing the most pronounced change in their intensities between the model groups, were isolated cloned and sequenced and their location on the rat genome was assessed by analysis with the BLAST engine. Out of the 10 differentially methylated sequences identified in the isolated bands, four were detected within gene sequences (Table 1) , including, Delta-like 3 (Dll3) participating in differentiation of cells, Disks Large-Associated Protein 2 (Dlgap2) playing a role in synaptic remodelling and neuronal transmission and the protein kinases PKCg and ribosomal protein S6 kinase polypeptide 2 (Rps6kb2), shown to be involved in cell differentiation, proliferation and cell cycle.
Gene expression of the differentially methylated genes
Change in genomic methylation state can affect gene expression. Thus, mRNA levels of Rps6kb2, Dll3, PKCg and Dlgap2, which showed different methylation patterns in response to stress, were determined in the hippocampus of 30 EBR and 25 MBR rats from three independent experiments using gene-specific primers ( Table 2 ). The expression level of Rps6kb2, Dll3 and PKCg did not alter between groups. However, Dlgap2 showed a higher expression in the EBR group compared to both the MBR or control groups (Fig. 2b) . The product of this gene, post-synaptic density 95 (PSD-95)-associated protein, interacts with the PSD95 scaffolding protein. The modified expression of Dlgap2 is not common to other PSD-95 binding partners, since mRNA levels of neuroligins (NLG-1 and 2), Ca 2+ / calmodulin-dependent protein kinase II (CaMKII), neuronal nitric oxide synthase 1 (nNOS) and NR2B subunit of the NMDA receptor were similar in the hippocampus of EBR, MBR and the control groups.
Bisulfite sequence analysis of intron 4 region of Dlgap2
Dlgap2 differed between the EBR and MBR groups in both methylation pattern as observed by AIMS and in gene expression. Therefore, the putative methylation sites in the Dlgap2 fragment, located in intron 4 of the gene (80051000-80051170 bp on rat chromosome 16p12.5, Fig. 2e ) were corroborated by bisulfite assay. It is widely accepted that that CpG sites in nonpromoter areas of the genome are methylated (Bird & Wolffe, 1999) . Thus, rats that have shown at least one unmethylated clone were considered as 'nonmethylated ' (Fig. 2c) . A significantly higher percentage of EBR rats (47 %) had non-methylated CpG sites in this area (80051157 bp on rat chromosome 16p12.5) compared to MBR rats (31 %) [x 2 (1)=7.35, p<0.007] (Fig. 2d) . In order to study whether this change in methylation pattern may represent a more general change in Dlgap2 methylation between the two groups of rats, we sought to examine the promoter area of Dlgap2 which is a classical site for functionally significant methylation of DNA. However, the promoter of Dlgap2 has not been characterized yet and computer analysis using Promoter Scan web service implementation by BIMAS staff failed to detect putative promoter sequence or CpG islands at y5000 bp upstream to the first intron or 3000 bp upstream to the ATG start codon (nucleotide 490 on NM 053901 (Takeuchi et al. 1997) ).
Association between methylation and expression of Dlgap2 and behavioural indexes
In order to further study the link between the Dlgap2 specific methylation site and its mRNA expression we considered all rats as one group, regardless their previous classifications, and re-divided them into two subgroups according to their methylation state (methylated vs. non-methylated). The non-methylated group showed significantly higher Dlgap2 mRNA levels compared to the methylated group (1.3¡0.1 and 1.0¡0.07, p<0.033, respectively) (Fig. 3a) . The difference between the two rat groups was also evident at the behavioural level, as the Anxiety Index was significantly higher in the non-methylated group compared to the methylated group (p<0.047) (Fig. 3b) . Moreover, high and significant correlations were observed between Dlgap2 mRNA expression and each of the following behaviours : ASR (r=0.633, p<0.0001), startle habituation (r=x0.427, p<0.0001) and the Anxiety Index (r=0.400, p<0.0001).
Discussion
The present study provides the first evidence for an association between widespread changes in hippocampal DNA methylation and the mode of the behavioural response of rats to a potentially traumatic stressor. Global screening of methylation pinpoints several genes, in which methylation is related to the response group, namely, EBR or MBR. Of the genes differentially methylated between EBR and MBR rats, Dlgap2, which is of special interest being part of the PSD zone, showed reduced methylation rate in the EBR group with a concomitant significant increase in its mRNA levels compared to MBR and control rats, which did not differ from each other. Moreover, a significant correlation was observed between Dlgap2 mRNA expression and the degree of the behavioural stress responses of individual rats, suggesting a role for methylation status, in general, and that of Dlgap2, in particular, in the molecular processes involved in adaptation to trauma.
The genome-wide distribution of DNA methylation approach was used to study associations between environmental stress and changes in DNA methylation. The AIMS screening procedure offers a wide, yet not complete, representation of the methylome by producing a vast number of DNA fragments, of which only those carrying methylated cytosines at both ends are amplified. This together with the use of an extension of 3-4 bases on the primers reduces the complexity of the patterns displayed on gel that would otherwise be indistinguishable. Still, this potential loss of data is partially compensated for by the use of several sets of primers, each amplifying different segments of the digested genomic DNA. The reliability of the AIMS procedure was supported by the observation that three repetitive runs of a single sample as well as samples from different control rats showed minor differences in methylation pattern. These minor differences may stem from a combination of allelic differences, differential efficiency of the enzymatic reactions and variation in natural methylation between different cell types and different tissues. In line with the latter and with the role of DNA methylation in cell differentiation (Ng & Gurdon, 2008 ; Ohgane et al. 2008) are the different methylation patterns of the hippocampus compared to those of the frontal cortex (data not shown). The arbitrary nature of AIMS screening permits the identification of sequences with rare CpGs and of genes not driven by a preliminary hypothesis, which is of particular importance in psychiatry research, where information on diseaseassociated genes is sparse.
Out of the numerous bands obtained by global methylation screening, five bands displaying the most pronounced variations between EBR and MBR rats were isolated, yielding ten differentially methylated DNA sequences. Four sequences were located within the gene-encoding areas of Dll3, PKCg, Rps6kb2 and Dlgap2. Dlgap2 was the only gene displaying a significant difference in mRNA levels between the EBR and MBR groups. It is not totally unexpected that Dll3, PKCg, and Rps6kb2 did not exhibit a change in their expression, as not every methylation has an effect on gene expression. Dlgap2 is one of four known Dlgap (c) Methylation status in the CpGs on both ends of the 170-bp fragment of Dlgap2, identified by AIMS. Methylation pattern was determined by bisulfite assay. Sequencing was performed on 4-6 clones for each of the 17 EBR and 13 MBR rats. Variation in methylation status was observed in one of the CpGs (80051157 bp on rat chromosome 16p12.5). Open and filled circles indicate genes (Dlgap1-4) (Takeuchi et al. 1997) , also referred to as DAP, guanylate-kinase associated protein (GKAP) or SAP90/PSD-95-associated protein (SAPAP). In rodents, members of the SAPAP family have been reported to be highly, yet differentially, expressed in brain tissues such as the hippocampus and the cerebellum, mainly in the PSD zone of glutamatergic and cholinergic excitatory synapses (Kindler et al. 2004 ; Welch et al. 2004) . The involvement of Dlgap2 in PSD zone assembly together with the findings described hitherto, led us to further validate the specific methylation changes observed in Dlgap2. The modified CpG site of Dlgap2, which consists of 17 exons, was identified in intron 4 and was confirmed using bisulfite analysis. The functional significance of a modification in an intron has yet to be determined. One possibility is that this specific change, picked by the random choice of fragments from the sequencing gel, may represent a broader variation of methylation sites. The obvious candidate would be the promoter region of Dlgap2, given the importance of promoter CpG methylation in the regulation of gene expression. However, the promoters of both human and rat Dlgap genes have not yet been identified, and computerized analysis failed to detect a putative promoter site or CpG-rich areas in 5000 bp upstream to the first exon as well as in the 3000 bp sequences upstream of the ATG start codon positioned on exon 7 (nucleotide 490 on NM 053901) (Takeuchi et al. 1997) . Nevertheless, the failure to detect CpGs either as CpG islands or in transcriptionregulating areas does not rule out the existence of other methylation changes with relevance to stress response.
The functional significance of a change in methylation at a single CpG site has previously been demonstrated. Thus, it was reported that one or two changes in the methylation status of promoter CpGs are sufficient to produce a marked effect on the transcription of the related gene, as in the case of tropomyosinrelated kinase B and the glucocorticoid receptor (Ernst et al. 2009 ; Weaver et al. 2007) . Although the detected CpG modification in Dlgap2 is not located in the promoter region, it may still contribute to the modulation of gene expression. In accordance with this expectation is our finding of a significant difference in mRNA levels of Dlgap2 between methylated and non-methylated rats. Moreover, while most studies assumed that functional methylation changes are restricted to promoter regions, accumulating evidence reveals the contribution of other, less studied, genomic areas. A recent study has shown that variations in gene expression in normal tissue types, and between cancer cells and normal cells are associated with methylation at sequences which are at a distance of o2 kb upstream of the promoter or CpG islands and suggested that DNA methylation at these sites may regulate alternative transcription (Irizarry et al. 2009 ). In addition, several reports have shown that intron sequences can contribute to the modulation of gene expression (Rose, 2008 ; Ying et al. 2008) as well as to alternative splicing (Cooper & Mattox, 1997 ; Perkins et al. 2005) . Notably, alternative splicing has been reported both in human and rat Dlgap genes (Kawashima et al. 1997 ; Luedi et al. 2007 ; Ranta et al. 2000) . In this connection, it is interesting to note that many of the single nucleotide polymorphisms (SNPs) associated with psychiatric as well as other disorders are located in gene introns (Hiratani et al. 2005 ; LaskySu et al. 2008 ; Manor et al. 2008) . Thus, the importance of non-promoter areas in transcriptional regulation together with the significant association between Dlgap2 methylation status and its mRNA expression, suggest that there may be a functional role for the modified methylation in intron 4 of Dlgap2.
The present study demonstrated a highly significant correlation between the extent of Dlgap2 expression and the severity of three behavioural stress responses, ASR, startle habituation and Anxiety Index. These findings together with the lower rate of methylation in EBR rats suggest that methylation in intron 4 of Dlgap2, associated with its reduced expression, is beneficial in coping with stress. Proteins of the Dlgap family are enriched in the PSD zone, which contains receptors, signalling proteins and cytoskeletal components. PSD is organized through sequential that the CpG site is methylated or non-methylated, respectively. Each row represents one rat. The numbers indicate the percentage of the clones with non-methylated CpG. (d) Incidence of non-methylated CpG site in intron 4 of Dlgap2 determined by bisulfite assay. Higher incidence of non-methylation was observed in EBR compared to MBR rats. The significance of the difference was analysed by x 2 test (* p<0.007). (e) Genomic structure of rat Dlgap2, located on chromosome 16p12.5 (79613016 and 80332283 bp on the minus strand). Exons 7-17 encode for Dlgap2 protein (NP 446353.1). The differentially methylated fragment was detected on intron 4 between coordinates 80051000-80051170 bp (shown with an arrow). The width of the squares [exons, grey for the untranslated regions (UTR) and black for the protein-encoding sequences] and the height of the triangles (introns) are scaled to the sequence length except for the first exon and introns 11, 13 and 16.
protein-protein interactions and is regarded as the main structure underlying synaptic plasticity (Scannevin & Huganir, 2000) . PSD-95, the main PSD scaffolding protein, regulates development, maintenance and plasticity of spines and synapses (Han & Kim, 2008 ; Kennedy, 1997) and has been implicated in long-term potentiation (LTP) (Beique & Andrade, 2003 ; Migaud et al. 1998) . LTP is the principal cellular mechanism involved in learning and memory (Bliss & Collingridge, 1993) , cognitive processes that are impaired in PTSD (Friedman, 1997 ; Vermetten & Bremner, 2002) . In addition, PSD-95 has been previously shown to be enhanced in rat hippocampi following physiological stress (Hu et al. 2008 ; Yang et al. 2008) and following chronic elevation of corticosterone (Liu et al. 2006) , which was also observed in our model (Cohen & Zohar, 2004) . PSD-95 family proteins interact with Dlgap proteins through their non-catalytic guanylate-kinase (GK) domain (Kim et al. 1997) , and thereby link to subsynaptic cytoskeleton or to downstream signalling molecules (Boeckers et al. 2002 ; Haraguchi et al. 2000 ; Hirao et al. 2000a, b ; Kawabe et al. 1999 ; Kitano et al. 2003 ; Sheng & Kim, 2000 ; Yao et al. 2003) . Moreover, it has been shown that Dlgap members play a role in the translocation of PSD-95 from the cytosol to the membrane (Takeuchi et al. 1997) . Thus, the function attributed to Dlgap2 and its family members in the assembly of multiprotein units at synapses, pinpoint this protein as a key player in synaptic activity and neuronal cell signalling that are crucial processes in the development of PTSD. Interestingly, a recent study has reported that Dlgap1 is increased in the nucleus accumbens (NAc) of unmedicated patients with schizophrenia and in the NAc and the hippocampus of a phencyclidine rat model of schizophrenia (Kajimoto et al. 2003) . These findings are in line with the present study, inasmuch as they demonstrate that increased Dlgap expression is associated with a synaptic malfunction.
The present study findings suggest that reduced DNA methylation at intron 4 of Dlgap2 in EBR rats concomitant with its increased expression can have a functional significance in PTSD. Several important issues still remain to be addressed in future experimental analyses. In order to substantiate the significance of the specific methylation identified in this study in stress pathology, direct interference with the methylation site is warranted. In addition, future work needs to address the challenging issue of methylation being either a risk factor or a response to stress. An integral problem of the latter is the inability to sample the same animal before and after exposure to stress. This issue may be confronted, to some extent, by comparing Dlgap2 in several rat strains which show different vulnerability to develop a PTSD-like behaviour. An further interesting question is the specificity of Dlgap2 changes in terms of cell type and brain region. The results of this study were obtained in the hippocampus, an area which has a significant function in regulating stress response and is an anatomical substrate of several psychiatric disorders, including PTSD (Bremner, 2006 ; Sala et al. 2004 ). The differences in Dlgap2, obtained in the whole hippocampus, probably represent an average of various neuronal and glial cells as well as the subareas of the hippocampus, which may differ in their genomic methylation pattern and gene expression. Further studies are warranted to achieve this higher resolution in Dlgap2 methylation and expression changes. Finally, it is necessary to investigate the regional specificity of Dlgap2 modifications by studying additional PTSD relevant brain regions, such as the amygdale and medial prefrontal cortex (Shin et al. 2006) . Regardless of whether changes in DNA methylation are verified in PTSD, manipulation of gene methylation, which is currently used in the treatment of several cancers, might contribute to research on pharmacological treatments for PTSD and strategies for prevention or reduction of the prevalence of the development of the disorder.
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